Highly metastable, nano-scale energetic materials were prepared by Arrested Reactive Milling (ARM). When reactive milling is carried out with materials systems suitable for SelfPropagating High Temperature Synthesis (SHS), reaction between the components occurs spontaneously and violently after a certain period of milling. In this research, metastable nanocomposites with high energy density, were prepared by arresting the milling process prior to the spontaneous reaction. Products thus obtained are powders with particle sizes in the 10-50 µm range. Individual particles are intimate mixtures of reactive components, comparable to Metastable Intermolecular Composites (MIC), with near theoretical maximum density. The time of arrest determines the degree of grain refinement and therefore the sensitivity to mechanical, electrical, or thermal initiation. Particle sizes of the product powders can be adjusted by appropriate choice of milling parameters. This paper describes the application of ARM to the material systems Al-Fe 2 O 3 and Al-MoO 3 . After empirical determination of optimum milling parameters, the reactive composites are structurally characterized by electron microscopy and x-ray diffraction. First results of combustion tests are presented.
INTRODUCTION
Metallic additives to energetic formulations in propellants, explosives, or pyrotechnics are known to improve performance due to their high combustion enthalpies [1] . However, mainly slow kinetics and incomplete reactions limit the usefulness of metallic fuels. Metastable metalbased materials have been proposed to improve overall ignition and combustion rates [2] . Recently some of these materials have been prepared using mechanical alloying [3] ; their combustion behavior showed improvements compared to pure metals [4] [5] [6] [7] [8] . The previously prepared energetic materials were Al-based metastable alloys with varying composition (Al-Mg, Al-Ti [4, 8] ), where the interactions between the alloying components are characterized by relatively small energy effects. Continuous mechanical alloying gradually transforms these materials from macroscopic elemental blends to supersaturated solid solutions (Al-Mg) and metastable intermetallic phases (Al-Ti).
In contrast, if sufficiently exothermic reactions between the components are possible, then mechanical alloying, or reactive milling will lead to spontaneous initiation of these reactions when certain conditions are met. Although criteria sufficient for this initiation to occur have not been rigorously defined, it has been suggested that for adiabatic reaction temperatures higher than 1800 K spontaneous reaction is likely [9, 10] . If milling of a given reactive system is arrested, at some stage before the spontaneous initiation would occur, an activated material is obtained. Such activated materials have been used as ingredients for combustion synthesis, giving rise to higher reaction rates, and resulting in more homogeneous final products [11] .
In this paper, this approach is developed further, focusing on the activated materials rather than their reaction products. The practical objective is to develop energetic formulations with higher energy output and reaction rates. Preliminary constant volume aerosol explosion experiments on nanostructured B-Ti composites obtained by ARM have showed dramatically increased combustion rates and higher combustion completeness [5] . Since aluminum is both a traditional energetic additive to fuel formulations, and an effective reducing agent, the addition of oxidizers to Al via ARM is investigated in the present research. Specifically, metastable, highly reactive nano-structured composites were obtained in the thermite systems Al-MoO 3 and Al-Fe 2 O 3 .
The properties of the composite materials obtained by ARM are subject to a number of interdependent process parameters. For each particular system of interest, appropriate process parameters must be established to allow control over the final product. Current theoretical understanding of the process [9, [12] [13] [14] [15] is not yet advanced enough to reliably predict required parameters, and therefore extensive experimental work is needed.
The focus of the present research was to establish whether the ARM process is sufficiently reproducible and controllable to obtain highly reactive composites, and to determine appropriate process parameters for the preparation of such composites. The results are expected to both benefit production efforts and provide further information for the development of theoretical models of mechanical alloying and milling.
EXPERIMENTAL
A SPEX 8000 shaker mill was used in all experiments. Starting materials were Al (98 %, 10-14 µm), Fe 2 O 3 (99.5 %, -325 mesh), and MoO 3 (99.95 %, -325 mesh) from Alfa Aesar. Milling was performed in steel vials under argon using stainless steel balls as grinding media. For the parametric study, the thermite powder blend was milled past the point of spontaneous reaction. The temperature of the milling vial was monitored using a thermistor attached to the side of the milling vial and connected to a digital data logger. The point of reaction was marked by a sharp temperature increase. In these experiments, the ball-to-powder weight ratio (BPR 2.5, 5, 10) and the ball diameter (2.36 mm, 3.16 mm, 4.76 mm, 9.52 mm) were systematically varied. The total amount of material was 5 g in the case of Al-Fe 2 O 3 , and 2 g for Al-MoO 3 . At a given BPR, this changes the number of balls used, and therefore the results can not be immediately compared. However, local temperatures during the reaction were high enough to melt metallic Mo (T > 2617 °C), and therefore it was necessary to limit the amount of Al-MoO 3 thermite in order to prevent damage to the milling vial. Milling of Al-Fe 2 O 3 with varying total sample mass is currently in progress.
Systematic characterization of the thermite systems Al-Fe 2 O 3 and Al-MoO 3 was carried out with nominally stoichiometric blends of Al and the respective oxides. Based on the good reproducibility observed for using 3.2 mm balls and BPR 5, these parameters were chosen to explore the influence of sample composition in the Al-Fe 2 O 3 system.
Active samples were prepared with 3.2 mm balls and at BPR 5 for both the Fe 2 O 3 and MoO 3 materials. Milling was arrested after 2, 8, and 15 min for Fe 2 O 3 , and after 12 min for MoO 3 . These materials were cross-sectioned and carbon-coated for examination by SEM (LEO 1530 Field Emission Scanning Electron Microscope). XRD was performed on a Phillips X'pert MRD powder diffractometer. Particle size distributions were determined by Low-angle Laser Light Scattering (LALLS) using a Coulter LS230 particle sizer.
To obtain preliminary estimates of the reactivity of the composites, linear powder burn tests were performed. Nominally stoichiometric, active Al-Fe 2 O 3 thermite powders milled for 2, 8, and 15 minutes were placed (not pressed) in an open, rectangular groove of 2.5 mm × 2.5 mm cross-section cut into a block of ceramic. Samples were initiated on one end with an electrically heated wire. The propagation of the combustion front was recorded with a high-speed camera at 500 frames per second. Figure 1 shows a typical temperature trace recorded during milling of Al based thermites. The time of spontaneous reaction is recognized by the temperature spike. The time interval available to obtain active nanocomposites is indicated. The time of spontaneous initiation for the range of milling parameters covered are shown in Figures 2 and 3 . The error bars show one standard deviation of the time observed for repeat experiments under identical conditions. While the time of initiation clearly becomes shorter with increasing ball-to-powder ratio for both systems, the dependence on ball diameter is not as straightforward. In the case of Fe 2 O 3 , the time remains nearly constant for BPR 10, shows a maximum around 3-4 mm for BPR 5, and continuously decreases for BPR 2.5. The MoO 3 thermite generally reacts after shorter milling times and somewhat more reproducibly; the time decreases slightly for all ball-to-powder ratios. The exception is the case of one single ball of 9.5 mm, used at BPR 2.5, which required a slightly longer time. Fig. 3 shows that initiation time increases with increasing deviation from stoichiometry for Al-Fe 2 O 3 thermites.
AA2.6.2 RESULTS
X-ray diffraction showed no change in the material's crystallinity; the activated composites and initial powder blends produced identical diffraction patterns. The particle size distribution of Al-Fe 2 O 3 thermites milled for 2, 8, and 15 minutes measured using LALLS is shown in Fig. 4 . The size distributions are wide with a maximum near 30 µm. With increasing milling time, the fine fraction increases, but the average particle size remains relatively constant. 
AA2.6.3
Results of the linear burn tests are shown in Fig. 6 . The burn rate is highest for the material recovered closest to the spontaneous reaction in the mill. The material recovered after 2 min of milling could be ignited, but the combustion extinguished and did not propagate.
DISCUSSION AND FUTURE WORK
Previously, it has been suggested that the progress of mechanical alloying can be modeled using the specific milling dose D = NEt/m where N is the statistically averaged collision frequency between the grinding media, E the averaged energy of such collisions, t the milling time, and m the powder mass [14] . Assuming that the collision frequency scales with the number of balls, the collision energy scales with the ball mass, and that mechanical initiation occurs after imparting a specific, material dependent milling dose, the relation D ~ (BPR)t can be expected to describe the experiments approximately. This suggests that the milling time required to trigger initiation is independent of the diameter of the milling balls. This tentative conclusion appears to be supported by the present observations. Significant deviations exist, however, especially for smaller ball diameters where milling times are greater than expected from the above relation. Different trends of the milling time vs. ball diameter are observed for different BPR and for different materials. While it is expected that different materials require mixing of the components on different length scales for initiation to occur, the observed dependence on the ball diameter is not intuitive. Reactions could be triggered at different stages of structural refinement for balls of different diameters.
Tests of the reactivity of the obtained thermites show a direct correlation of the burn rate with the degree of interparticle structural refinement. The values determined can only be used for comparison of different materials subjected to the same experimental procedure, as the measured burn rate depends on a number of geometric factors such as the size of the channel, and especially on the packing density of the thermites. This effect has been reported previously when combustion rates of loose powders and pressed pellets of blends of nanosized Al and MoO 3 (MIC) were compared [15] . This has been interpreted to show that convective heat transfer dominates during combustion. The density of the individual powder particles is close to the theoretical maximum density of the composites, therefore limiting the maximum achievable rate of combustion in the experiments as performed here. AA2.6.6
